Genomic imprinting resulting in the differential expression of maternal and paternal alleles in the fertilization products has evolved independently in placental mammals and flowering plants. In most cases, silenced alleles carry DNA methylation [1] . Whereas these methylation marks of imprinted genes are generally erased and reestablished in each generation in mammals [2] , imprinting marks persist in endosperms [3] , the sole tissue of reported imprinted gene expression in plants. Here we show that the maternally expressed in embryo 1 (mee1) gene of maize is imprinted in both the embryo and endosperm and that parent-oforigin-specific expression correlates with differential allelic methylation. This epigenetic asymmetry is maintained in the endosperm, whereas the embryonic maternal allele is demethylated on fertilization and remethylated later in embryogenesis. This report of imprinting in the plant embryo confirms that, as in mammals, epigenetic mechanisms operate to regulate allelic gene expression in both embryonic and extraembryonic structures. The embryonic methylation profile demonstrates that plants evolved a mechanism for resetting parent-specific imprinting marks, a necessary prerequisite for parent-of-origin-dependent gene expression in consecutive generations. The striking difference between the regulation of imprinting in the embryo and endosperm suggests that imprinting mechanisms might have evolved independently in both fertilization products of flowering plants.
Genomic imprinting resulting in the differential expression of maternal and paternal alleles in the fertilization products has evolved independently in placental mammals and flowering plants. In most cases, silenced alleles carry DNA methylation [1] . Whereas these methylation marks of imprinted genes are generally erased and reestablished in each generation in mammals [2] , imprinting marks persist in endosperms [3] , the sole tissue of reported imprinted gene expression in plants. Here we show that the maternally expressed in embryo 1 (mee1) gene of maize is imprinted in both the embryo and endosperm and that parent-oforigin-specific expression correlates with differential allelic methylation. This epigenetic asymmetry is maintained in the endosperm, whereas the embryonic maternal allele is demethylated on fertilization and remethylated later in embryogenesis. This report of imprinting in the plant embryo confirms that, as in mammals, epigenetic mechanisms operate to regulate allelic gene expression in both embryonic and extraembryonic structures. The embryonic methylation profile demonstrates that plants evolved a mechanism for resetting parent-specific imprinting marks, a necessary prerequisite for parent-of-origin-dependent gene expression in consecutive generations. The striking difference between the regulation of imprinting in the embryo and endosperm suggests that imprinting mechanisms might have evolved independently in both fertilization products of flowering plants.
Results and Discussion
Few imprinted genes are known in plants compared with mammals [1] , so, in a strategy to discover imprinted genes expressed during maize seed development, we used cDNA microarrays and RNA from young microdissected embryos and endosperm to identify sequences that were expressed in reciprocal hybrids in a pattern resembling the expression level of either the maternal or the paternal parent (unpublished data). To date, all imprinted genes described in plants are either silent or show biallelic expression in embryos [4, 5] . We were thus surprised that the allele-specific expression analyses of one of our candidate sequences showed unambiguous expression from only the maternal allele in both endosperm and embryos. We subsequently termed this gene maternally expressed in embryo 1 (mee1). mee1 was localized to chromosome 5 by sequence identity to the map-anchored maize bacterial artificial chromosome AC190547. The putative open reading frame of mee1 encodes a protein of 99 amino acids that shows significant homology to predicted or hypothetical proteins of mono-and dicotyledonous plants of similar length (see Figure S1 available online), indicating conservation of the protein among plant species.
Gene-Specific Imprinting in Plant Embryos
To test parent-specific expression, we identified polymorphisms within mee1 transcripts in several inbred lines (see Table S1 for sequence details) and carried out cleaved amplified polymorphic sequence analyses on material from hybrid embryos and endosperms 6 days after pollination (dap). Only maternal transcript sequences were detected in both fertilization products resulting from reciprocal crosses involving four independent genotypic combinations, confirming genespecific imprinting of mee1 ( Figure 1A ).
To determine levels of mee1 expression throughout plant development, we carried out reverse transcriptase-polymerase chain reaction (RT-PCR) analyses on RNA extracted from somatic and isolated reproductive cells. mee1 expression is highly specific to central cells and to the fertilization products in the early seed. It is not expressed prior to fertilization in either egg or sperm cells ( Figures 1B and 1C) . In embryos, we detected expression after fertilization between 3 and 8 dap. In contrast, mee1 is active in central cells and continues expression until 10 dap with a peak at 6 dap in endosperms ( Figure 1C ; Figure S2 ). In situ hybridizations of 6 dap seeds confirmed that expression of mee1 is exclusive to the endosperm and embryo, with transcripts distributed throughout the embryo ( Figure 1D ).
Allelic expression pattern of mee1 during fertilization and subsequent development was further explored by using homogenous MassEXTEND (hME) chemistry to generate single base extensions, followed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) spectroscopy. Transcripts were detected in the embryo starting at 3, 6, and 8 dap, but not at 14 dap. Over the entire time course of transcriptional activity, the maternal allele contributed 96.6% (mean value) of total mee1 expression ( Figure 1E ; Table  S2 ). This expression pattern differs strikingly from 25 genes distributed throughout the maize genome with equivalent parental contributions in the same samples [6] and also from a mee1 neighboring gene as revealed by allele-specific sequencing ( Figure S3 ). The highly specific maternal expression pattern, combined with the fact that transcripts are not provided maternally by the egg cell, clearly identifies mee1 as the first reported imprinted gene in plant embryos.
Differential Methylation Correlates with Allele-Specific Expression
Many imprinted genes are marked by differences in cytosine methylation at CpG dinucleotides located within differentially methylated regions (DMRs) [7] . In plants, cytosine methylation is required for epigenetic inheritance during gametogenesis [8] and is implicated in the control of imprinting in the endosperm [3, [9] [10] [11] . We cloned and sequenced the genomic region upstream of mee1 transcript and determined the transcriptional start site of the gene (Figure 2A ). To investigate whether any allelic methylation differences were associated with the mee1 locus, we carried out an allele-specific methylation screen by bisulfite sequencing the genomic region spanning 21161 to +412 of mee1 relative to the transcriptional start in reciprocal hybrid endosperms 6 dap. Differential methylation of the parental alleles was discovered throughout the genomic region analyzed. Methylation of active maternal alleles was low, whereas silent paternal alleles were highly methylated at CpG and CpNpG cytosines. Asymmetric CpNpN cytosines were unmethylated ( Figure 2 ; Table S3 ). The greatest methylation differences were detected in the vicinity of the transcriptional start and within the transcribed region of mee1, with methylation of maternal alleles virtually absent ( Figure 2B ; Table S3 ). This region can thus be defined as a DMR correlated with allele-specific expression of mee1 in endosperm, as reported for other imprinted maize genes [12, 13] .
Epigenetic Resetting in Plant Embryos
Methylation of imprinted genes in mammals is generally erased and reestablished in each generation [2] , but imprinting marks persist in plant endosperms [3] . Such one-way control of imprinting without resetting is feasible because the endosperm is terminally differentiated. Because mee1 also shows imprinting in cells of the embryo, which contribute to the next sporophytic generation ( Figure 1D ), some form of resetting of imprinting marks must occur. We therefore investigated allelic methylation of the mee1 DMR in gametes before fertilization, during embryo and endosperm development, and in seedlings postgermination.
Paternal alleles were found to be methylated in gametes, in both fertilization products, and at all stages analyzed, consistent with the exclusively maternal expression of mee1 ( Figures  2C-2E ). Single maternal DMRs were demethylated in central cells ( Figures 2C and 2E ) and collectively demethylated in the endosperm ( Figures 2D and 2E ), reflecting a current model for imprinting regulation in plants where silencing through methylation is relieved by a combination of targeted DNA glycosylase activity in the central cell [3, 14, 15] and suppression of methyltransferase 1 [11] . The persistence of this situation in later (16 dap) endosperms ( Figures 2D and 2E ) reflects the one-way control of imprinting [3] . In contrast, although DMRs of mee1 were methylated in egg cells, consistent with absence of mee1 transcripts ( Figure 2C ), they were rapidly demethylated after fertilization, with completely unmethylated DMRs detectable in zygotes 16-20 hr after fertilization ( Figures 2D  and 2E ). This must result from active demethylation because unmethylated DMRs are present in zygotes prior to the first cell division. These findings reveal a new level of complexity of imprinting regulation in plants, because this demethylation in the embryo implies recognition of allele specificity by parental imprinting marks other than DNA methylation, which is not required for the demethylation of imprinted sequences prior to fertilization by DEMETER [14] . Importantly, maternal DMRs are then remethylated during embryo development, effectively resetting their epigenetic state to prefertilization levels of methylation. The decrease of the portion of demethylated DMRs between 6 and 16 dap is significant (c 2 test, a % 0.025). In addition, fully demethylated DMRs were no longer detectable by 16 dap, and maternal DMRs were fully methylated in postgermination seedlings (Figures 2D and 2E ; Table S4 ).
A comparison of the methylation and expression profiles indicates an additional level of developmental regulation of mee1 because demethylation does not necessarily lead to expression but seems to provide a permissive state for activity. Whereas the methylated state was strictly correlated with silence in all stages analyzed, mee1 was not expressed in zygotes and late endosperm ( Figures 1C and 1E) , although the maternal alleles were demethylated ( Figures 2D  and 2E) .
Recently, DNA demethylation relative to embryos and other tissues was shown to be a genome-wide phenomenon in Arabidopsis endosperm from torpedo-stage seeds [16, 17] , and five new imprinted genes could be identified based on their reduced methylation and preferential expression in endosperm [16] . Reduced methylation levels in endosperm relative to embryos were also found in maize [18] , signifying immense differences in the epigenetic landscape of the two fertilization products in higher plants.
The data reported here reveal that gene-specific imprinting occurs in plant embryos. The cycle of demethylation and remethylation of maternal mee1 DMRs in the embryo represents a resetting of parent-specific imprinting marks, a necessary prerequisite for parent-of-origin-dependent gene expression in consecutive generations. The transient nature of the differential methylation profile adds support to the view that the default state of some imprinted genes is to be methylated at key domains [3, 5] . It has been proposed for mammals that imprinting mechanisms might have evolved independently in embryonic and extraembryonic tissues [1, 19] ; the striking difference between the regulation of imprinting in the embryo and endosperm suggests that imprinting mechanisms might Tables S3 and S4. also have evolved independently in these corresponding structures of plants.
Experimental Procedures Plant Material and Growth Conditions
The seeds of the inbred lines A188 (Ames22443), Mo17 (Pi558532), W22 (NSL30053), Tx303 (Ames19327), H99 (PI587129), and B73 (PI550473) were received from the North Central Regional Plant Introduction Station (Ames, IA). The inbred lines UH005 (national listing of plant varieties: M9379, European flint) and UH301 (M8652, Iodent) were obtained from A. Melchinger (University of Hohenheim, Stuttgart, Germany). Plant growth conditions and crossbreeding for the production of hybrid and inbred material as well as microdissection of 6 and 8 dap embryos and endosperm were as described previously [20] . Microdissected embryo samples, used for allele-specific expression and DNA methylation analyses, were shown to be free of contamination with endosperm tissue by RT-PCR with primers against the endosperm-specific gene Zmfie1 ( Figure S4 ). Quantitative RT-PCR analyses confirmed a comparable mee1 expression level in 6 dap embryo and endosperm ( Figure S2 ). Isolation of egg cells, zygotes, 3 dap embryos, sperm cells, central cells, and primary endosperm was performed by microdissection techniques as described by Kranz et al. [21, 22] .
RT-PCR Analyses
For expression analysis of mee1, frozen material was homogenized in liquid nitrogen, and mRNA isolation and cDNA synthesis were essentially conducted as described by Meyer et al. [20] . Subsequent PCRs were performed via standard procedures with 33 or 36 cycles. Actin primers served as a positive control. Primer sequences are available upon request.
Transcriptional Start Site Determination
We used 5 0 rapid amplification of cDNA ends (5 0 RACE; Clontech, Takara) to determine the transcriptional start site of mee1 according to the manufacturer's protocol with amplified cDNA (SMART cDNA Synthesis Kit; Clontech, Takara) as template. Determination of the transcriptional start site was performed by alignment of the obtained cDNA sequences with the genomic sequence of mee1.
Allele-Specific Expression Analysis of mee1
Relative gene expression analysis was performed on the MassARRAY system (Sequenom) applying hME biochemistry and MALDI-TOF mass spectrometry for analyte detection. Reactions were conducted according to the standard protocol, generating the allele-specific analytes in a primer extension reaction with a primer directly adjacent to the polymorphic site. Assay design was carried out with platform-specific software for polymorphic sequences. We used the classical hME design because it suits the analysis of samples with one excessively expressed allele best. Primer sequences of the assay are shown in Figure S5 . All samples were analyzed with three biological replicates. As ratio controls, genomic DNA (gDNA) mixes (0:1, 1:4, 4:1, and 1:0) of the inbred lines (UH005 and UH301) and gDNA of the hybrid 3013005 was used. gDNA isolation and further processing of all samples were as described previously [6] . Four data sets (spectra) were acquired for each sample on a MassARRAY Analyzer Compact followed by automated data analysis with TYPER RT software version 3.4 (Sequenom). No hME primer extension occurred in all negative control reactions with H 2 O instead of template, confirming contamination-free chemistry. mee1 was considered expressed if at least one-third of the spectra of a given cDNA sample delivered clear results. Data were normalized by hybrid gDNA ratios. Mean values of relative allelic expression and standard deviations as well as the number of evaluable spectra are shown in Table S2 .
Allele-Specific Methylation Analyses
Allele-specific methylation analyses were performed with samples of reciprocal hybrids of the inbred lines B73 and H99; for seedling samples, the inbred lines UH301 and UH005 were used. Bisulfite conversion of isolated gDNA from embryos and endosperm 6 dap or at later stages was performed with the MethylCode Bisulfite Conversion Kit (Invitrogen). Bisulfite conversion of gDNA from zygotes and gametes was performed with 20 to 100 cells in each reaction with the EZ DNA Methylation-Direct Kit (Zymo). After bisulfite conversion, specific regions of mee1 and control genes were amplified under standard PCR reactions with Taq Polymerase (Fermentas) or alternatively with Advantage 2 Polymerase Mix (Takara) when the material was limited. The PCR products were cloned in the pGEM-T Easy Vector (Promega) and transformed in XL1 blue cells. Inserts of individual colonies were reamplified and sequenced. All sequences were analyzed with BiQ Analyzer software [23] for quality control and removal of identical clones in a standardized manner. Further sequence details and the full methylation data sets are given in Tables S3 and S4 . Primer sequences and the polymorphism used for allele discrimination are given in Table S5 . A c 2 test was performed to revise the assumption that the methylation status of mee1 maternal alleles in embryos is independent of the point of time after fertilization. We considered DMRs with less than 50% methylation to be demethylated. A total of 46 maternal DMRs were evaluated, 28 of 6 dap embryos and 18 of 16 dap embryos.
In Situ Hybridization
Nonradioactive in situ hybridizations were performed as described by Nardmann et al. [24] .
Accession Numbers
The mee1 sequence reported in this paper has been deposited in GenBank with the accession number FJ477242.
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